This research work was aimed to nd the composition of equiatomic FeRh alloy and to nd the way of preparation of samples with extremely narrow thermal hysteresis and repeatable results. Alloys with content of Fe from 48 up to 52 at.% were examined. FeRh alloys were prepared in forms of bulk piece, plate and wire. The plates of alloys were found to be more perspective for further investigations. The inuence of parameters of ingot and samples treatments on antiferromagnetic-ferromagnetic transition was studied. The ways of narrowing of temperature hysteresis were established.
Introduction
The nearly equiatomic FeRh alloys when heated without an external inuences to critical temperature suer the rst-order antiferromagnetic (AFM)ferromagnetic (FM) transition. The reverse transition takes place at lower temperature. The width of thermal hysteresis can be varied by the changing of alloy's chemical content, preparation technique of the samples, heat-and mechanical treatment in wide range of temperatures [1, 2] . To decrease the hysteresis it is important for technical applications. Moreover, each subsequent measurement leads to change of the antiferromagnetic-ferromagnetic transition temperature. The details of perspective applications and other fundamental tasks can be found, for example, in [35] .
This research work was aimed to nd the composition of equiatomic FeRh alloy and to nd the way of preparation of samples with extremely narrow thermal hysteresis and repeatable results. 2 . Experimental details, samples preparation, and selection of sample form FeRh alloys were prepared by induction melting in argon atmosphere. For production of alloys the powder of Rh and chips of Fe with 99.99% and 99.98% purity, respectively, were used. Blend melting was performed in annealed (air, 1273 K to eliminate a possibility of alloy pollution) alundum crucibles. Homogenization of alloy was achieved by the mixing of melt owing to electromagnetic interaction of eddy currents in this alloy with alternating magnetic eld. FeRh alloys with content of Rh from 48 to 52 at.% have been produced. The composition of alloys was examined by means of X-ray uorescent analysis.
Ingots of alloys were subjected to mechanical cleaning and chemical etching in the following solutions sequentially: (i) nitrohydrochloric acid (20% of nitric acid * corresponding author; e-mail: rodionov_vlad@mail.ru and 80% of hydrochloric acid) to remove slags from the surface of ingot, (ii) solution, containing eight parts by volume of sulphuric acid and three parts by volume of aqua to remove the iron oxide (rhodium oxide dissociates at heating in vacuum above 1070 K). Then, the ingots were annealed in vacuum at 1273 K for 45 h to remove the stresses, acquired during after-melting quenching and to increase the degree of homogenization.
From all FeRh alloys the samples with the sizes of 10×2×2 mm 3 were cut. Then samples were mechanically polished, etched in solution (ii), annealed in vacuum at 1273 K for 2 h and slowly cooled with the rate of 100 K/h.
The following circumstance was taken into account during the choosing the samples form, too. One of most important point is to obtain the samples, exhibiting the AFM-FM transition as much as possible approximated to the isothermal process. It is well known that the sharper transition occurs in quenching samples than in slowly cooled [6] . Therefore, the preparation of thin samples is more advanced way increase of the area of surface in thin samples in comparison with bulk materials leads to increase of the rate of heat exchange with the environment. Moreover, the AFM-FM transition in FeRh alloy is the rst order transition that is why the gradient of temperatures (appeared during the melting artefact) inuences on the kinetics of transition via appeared inelastic deformation and other non-doped defects. In this connection plate-shape and wire-shape samples were prepared.
The set of the samples in form of plate was prepared from Fe 49 Rh 51 alloy by atting. The sizes of the samples were 14 × 4 × 0.25 mm 3 . After cutting the samples were mechanically polished and corroded in concentrated hydrochloric acid.
The samples in the form of wire with 1 mm diameter and 50 mm in length were obtained by means of drawing into alundum tubes from alloy with Rh content of 52 at.%. These wires were mechanically polished, etched, annealed, and cooled in the same sequence as previous samples. However, the measurements of resistance depending on temperature demonstrate that the region of AFM-FM transition in wire lies lower in comparison with the temperatures of transition in base alloy. This fact can be explained by distinction of wire and alloy compositions and by contamination with impurities at interaction with alundum tube during drawing. Temperature dependence of wire resistance both before and after annealing is shown in Fig. 1 .
Comparison of temperature dependences of resistance of wire before and after annealing (the same sample) exhibits the larger jump of resistance during AFM-FM transition in annealed state. It means that the larger value of sample is not involved in transition process in annealed wire to compare with as-prepared wire. Since the specic resistance of alloy is lower in ferromagnetic state than in antiferromagnetic state near transition region, lower resistance of the sample testies to presence of signicant value of ferromagnetic phase in sample, which is not involved in transition.
Thus, the cut and plate samples, as more perspective in compare with wire-shape samples, were selected for further measurement.
Measurements of magnetic properties depending on temperature were performed by induction method. Temperature was changed in the range from 170 to 700 K.
Experimental results and discussion
Temperature dependences of relative initial magnetic permeability, µ 0 (maximum change of initial magnetic permeability in the temperature range), for FeRh alloys with dierent composition are presented in Fig. 2 .
The temperatures where µ 0 is undergoing the largest changes during heating or cooling is the temperatures of AFM-FM and FM-AFM transitions, respectively. The Fe 52 Rh 48 alloy (see Fig. 2 ) is found to be ferromagnetic and it has no AFM-FM transition in the temperature range from 170 to 700 K. To exclude randomness selection of the place of samples cutting from ingot, we have measured the µ 0 (T ) curves of ingot remainder (see Fig. 3 ). The transition in the ingot is found to be in temperature range from 293 to 367 K with temperature hysteresis of 12 K, while in the sample in the temperature range of 316378 K with temperature hysteresis of 11 K. This indicates the inhomogeneity of the ingot. That is why the ingot was few times remelting. During each melting the alloy was kept in liquid state for 1 h and then slowly cooled for 1 h in inductor. The temperature range of transition becomes narrower down to 29370 K after remelting process, the jump of magnetic permeability becomes higher, the transition exhibits sharper form and temperature hysteresis increases up to 18 K. The temperature hysteresis decreases down to 14 K and the permeability jump increases in 1.5 times (in regard to non-annealed ingot) after annealing at 1273 K for 7 h and slow cooling down to room temperature with rate of 200 K/h. However, µ 0 (T ) curves during the heating and cooling at the temperatures of 333 and 319 K, respectively, undergo the breaks. These breaks are found to be independent of the number of subsequent heating-cooling cycle. The jump increase of µ 0 after annealing can be explained by homogenization of annealed ingot and removing of mechanical stresses, with the result that the larger part of ingot is involved in the transition. This explanation is conrmed by the following experimentally observed fact. The samples are ferromagnetic and show only poor signs of AFM-FM transition during quenching process. Magnetization of alloys at room temperature decreases and the transition becomes more prominent with relatively slow cooling. The presence of breaks in µ 0 (T ) curves testies to the inhomogeneity of alloy and to the existence of at least two compositions in the alloy. Transition of the part of alloy with higher content of Rh occurs at higher temperature in comparison with transition of other part of alloy with lower comment of Rh. Thus, the few times remelting of alloy it is necessary process for obtaining of the alloys with high degree homogeneity.
All the described features during remelting and set of annealing are presented in Fig. 3 . To compare the properties of ingot with the properties of sample in plate shape, the temperature dependences of relative initial permeability of plate-shape sample were measured. The inuence of dierent treatments on magnetic properties was investigated. µ 0 (T ) curves for asprepared, annealed and quenching samples are presented in Fig. 4 .
The AFM-FM transition in as-prepared sample takes place in the temperature range from 314 to 415 K with temperature hysteresis of 20 K. It is on record that plastic deformation aects the AFM-FM transition in FeRh alloy and the mechanical stresses and mechanical treatments dramatically aects the magnetic properties of alloys. First one leads to decrease of the transition jump and second one leads to decrease of the initial magnetic permeability. Co-existing of these two factors leads to small change of relative initial magnetic permeability of as-prepared atted sample (see Fig. 4 ). We can explain presence of transition in this sample by heating of the plate during atting up to red heat. Reaching of this temperature is enough condition to back this alloy to the state in possession of AFM-FM transition. The annealing of this sample in vacuum at 1273 K for 72 h with subsequent slow cooling results in narrowing of transition temperature range, increase of transition sharpness and widening of the temperature hysteresis up to 23 K. Changing of µ 0 increases 1.5 times. The control quenching of the sample from temperature of annealing demonstrates that this process signicantly shifts the temperature range of transition toward low temperatures and approaches the transition to isothermal one. Moreover, a signicant inuence of thermo cycling on the parameters of AFM-FM transition has been found.
Conclusion
We have studied the temperature dependences of magnetic properties of FeRh alloys with dierent content of Fe and prepared in dierent forms. The plate-form sample of Fe 49 Rh 51 alloy prepared by quenching and atting was found to be with narrow temperature hysteresis. The thermo cycling for this sample leads to narrowing of temperature hysteresis.
